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Controlling gene expression by regulating translation 
allows a cell to respond to environmental cues more 
quickly than de novo transcription permits. Translation of 
mRNAs transcribed during early oogenesis has long been 
known to be repressed to permit accumulation of mRNAs 
for use later in development. In addition to providing such 
a stockpile of mRNAs, translational regulation has recently 
been shown to be essential for the generation of protein 
gradients and the determination of cell fate. Spatial control 
of translation can produce a graded distribution of a spe- 
cific protein within a single cell, generating the asymme- 
tries required for the formation of embryonic pattern. Fur- 
thermore, control of the translation of specific mRNAs in 
individual cells can ensure that they adopt their correct 
identities at the appropriate times in development. In prin- 
ciple, translation can be regulated by modulating the rate 
of translational initiation, sequestering mRNAs in transla- 
tionally inaccessible messenger ribonucleoprotein (mRNP) 
particles, or by regulating the length of the poly(A) tail. In 
this review, we discuss individual examples of transla- 
tional regulation in development in light of these specific 
mechanisms of translational control. 
Translation begins with the stepwise assembly of a func- 
tional ribosome onto an mRNA. In brief, the 7-methyl gua- 
nosine cap at the 5' end of the mRNA is bound by a large 
complex of proteins, including the cap-binding protein 
elF-4E and the RNA helicase elF-4A. After binding the 
RNA, the small ribosomal subunit-initiation factor com- 
plex scans the 5' untranslated region (5'UTR) until it finds 
an AUG initiator codon in a favorable sequence context. 
Once an AUG is selected, the large ribosomal subunit joins 
the complex, and peptide synthesis begins (reviewed by 
Hershey, 1991). 
Both the concentration of active initiation factors and 
the primary sequence of the 5'UTR can affect the rate of 
translation (Parkin et al., 1988; Lazaris-Karatzas et al., 
1990; Koromilas et al., 1992; Thach, 1992; Hess and Dun- 
can, 1994). Ribosome binding is most sensitive to second- 
ary structure near the cap, but stable stem-loop structures 
anywhere in the 5'UTR can block ribosome scanning (Ko- 
zak, 1989). The sequence of the 5'UTR thus establishes 
the intrinsic rate of initiation of an mRNA (Figure 1). 
The Iron Response Element/Iron Regulatory 
Protein Paradigm 
Proteins that stabilize structures in the 5'UTR can be po- 
tent inhibitors of translation. The regulation of mammalian 
ferritin mRNA translation by iron provides a paradigm for 
such regulation (Klausner et al., 1993; Melefors, 1993). 
Translation of both the iron storage protein ferritin and an 
enzyme involved in heme synthesis, erythroid 5-amino- 
levulinate synthase, is regulated in response to iron con- 
centration. An RNA-binding protein, iron regulatory protein 
(IRP), mediates the translational regulation of both mRNAs 
by binding a stem-loop structure in their 5'UTRs, the iron 
response element (IRE). IRP contains an iron-binding sul- 
fur cluster that provides the switch that senses iron levels. 
At low iron concentrations, the IRP binds the IRE and pre- 
vents ferritin translation; at higher iron levels, IRP binds 
a saturating number of four iron atoms, reducing its affinity 
for the IRE. Release of IRP from ferritin mRNA stimulates 
translation 40-to 100-fold. IRP binding sterically inhibits 
binding of the small ribosomal subunit initiation factor 
scanning complex (Gray and Hentze, 1994), consistent 
with the observation that to function, the IRE must be lo- 
cated near the 5' end of the mRNA. 
Binding of the IRE by IRP may be all that is required 
for regulation, since Hentze and coworkers have demon- 
strated that IRE/IRP regulation functions in yeast cells (OI- 
iveira et al., 1993). Furthermore, binding of the human 
splicing factor U1A and the bacteriophage MS2 coat pro- 
tein to their cognate stem-loop RNA-binding sites in a 
5'UTR can repress translation (Stripecke et al., 1994). This 
repression is seen in human cells, in yeast, and in vitro 
in reticulocyte lysates. Therefore, steric hindrance of initia- 
tion by protein-stabilized secondary structures can be a 
general mechanism of translational regulation (Figure 1). 
Other mRNAs regulated by their 5'UTR sequences in- 
clude those that encode ribosomal proteins (Kaspar et al., 
1992) and Drosophila sperm tail proteins (Kempe et al., 
1993). Factors that bind the 5'UTR sequences have been 
identified in these cases, although their function is not yet 
known. A simple steric hindrance model may not suffice 
to explain the repression observed for sperm protein 
mRNAs, as mutations in the 5'UTR regulatory sequences 
that overcome repression also affect poly(A) tail length 
(see below). 5'UTR regulatory proteins seem, in general, 
to act as inhibitors of initiation. However, it is possible 
that some proteins bind to sites in the 5'UTR to stimulate 
initiation, for example, by blocking or unwinding specific 
secondary structures. 
Translational Masking 
An alternative mechanism for repressing translation is to 
sequester RNA into translationally silent mRNP particles. 
The term masked RNA was first coined to describe this 
phenomenon during gametogenesis, when mRNA is 
stored for use at a later stage in development (Standart 
and Jackson, 1994). When these masked m RN Ps are puri- 
fied and added to an in vitro translation assay, the mRNA 
is not translated, but if proteins are first removed by phenol 
extraction, the mRNA is translated efficiently. Thus, the 
mRNA itself is competent for translation, but protein com- 
ponents of the mRNPs prevent mobilization of the RNA 
to ribosomes. 
Masked maternal mRNPs contain several phosphopro- 
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Figure 1. Regulation of Translation 
The primary factors regulating translational ini- 
tiation are diagrammed with reference to their 
sites of action on an mRNA. Brackets indicate 
that a number of independently acting pro- 
cesses might coordinately regulate a single 
output, such as cytoplasmic polyadenylation r 
ribosome binding. 
teins that bind to mRNA with relatively little sequence 
specificity (Marello et al., 1992) and inhibit translation in 
vitro (Richter and Smith, 1984). Two of the major proteins, 
mRNP3 and FRGY2, have been isolated from Xenopus 
and are members of the highly conserved Y box family of 
nucleic acid-binding proteins (Wolffe, 1994). mRNP3 and 
FRGY2 are not sufficient o reconstitute mRNP masking, 
but they do act as nonspecific inhibitors of translation in 
vitro and in somatic cells. Bouvet and Wolffe (1994) 
showed that translationally silent mRNPs are only assem- 
bled in Xenopus oocytes when mRNAs are transcribed in 
the nucleus and not when in vitro transcribed mRNAs are 
injected into the nucleus or cytoplasm. These experiments 
establish a functional link between transcription and as- 
sembly of masked mRNPs. Sequences that direct mask- 
ing in oocytes have not been defined, but specific se- 
quences in the 3'UTR are necessary for unmasking at 
the correct time in development. Global unpackaging of 
masked RNAs may be achieved by changes in the phos- 
phorylation or composition of mRNP proteins at fertiliza- 
tion, while individual messages may utilize specific 3'UTR- 
mediated controls to achieve unique spatial or temporal 
expression profiles. 
Cytoplasmic PolyadenylaUon 
3'UTR sequences can repress or activate translation by 
modulating the length of the poly(A) tail, which in turn reg- 
ulates the rate of translational initiation of an mRNA. In 
concert with cellular factors, they can also directly en- 
hance or repress translational initiation. Factors that bind 
such sequences may interact with the cap-binding com- 
plex or the small ribosomal subunit. Finally, sequences in 
the 3'UTR can direct mRNAs to specific regions of the 
cell from which repressor proteins are excluded, thereby 
activating their translation. 
Polyadenylation was implicated as a regulator of transla- 
tion because changes in poly(A) tail length closely parallel 
changes in the rates of translation of specific messages 
in development (Richter, 1995). Once transcribed in the 
nucleus, most mRNAs are polyadenylated and then ex- 
ported to the cytoplasm. There they are subject to both 
removal and lengthening of their poly(A) tails by cyto- 
plasmic enzymes. Deadenylation and polyadenylation 
may occur continuously, such that the balance between 
the two activities determines the steady-state length of the 
poly(A) tail. In vivo and in vitro evidence supports the idea 
that a poly(A) tail increases the rate of translational initia- 
tion of an mRNA. When RNAs are introduced into cells 
by electroporation, a long poly(A) tail increases translation 
only when the RNA is also capped, strongly suggesting 
that poly(A) promotes formation of the cap-binding com- 
plex (Gallie, 1991). Indeed, purified initiation factors form 
a complex with poly(A) (Gallie and Tanguay, 1994). How- 
ever, Proweller and Butler (1994) found that when not in 
competition for limiting components of the translational 
machinery, some poly(A)- and poly(A) ÷ mRNAs initiate 
translation with comparable efficiencies. 
These findings provoke speculation that the poly(A) tail 
acts in cis to increase the local concentration of initiation 
factors on an mRNA. In yeast, the poly(A)-binding protein 
is required for efficient translation (Sachs and Davis, 
1989). Interestingly, mutations affecting the large ribo- 
somal subunit protein L46 suppress the defect in transla- 
tional initiation caused by loss of poly(A)-binding protein. 
In vitro, poly(A)-binding proteins have been shown to en- 
hance the rates of translation of polyadenylated RNAs 
(Schmid et al., 1983; Sieliwanowicz, 1987). Thus, it is likely 
that the 5' and 3' ends of an mRNA physically interact. In 
fact, electron micrographs of cells actively synthesizing 
secreted peptide hormones show that the great majority 
of membrane-bound polysomes are circular (Christensen 
et al., 1987). 
Control of Polyadenylation in Development 
Rapid switches in protein expression invariably accom- 
pany major developmental events. Thus, many examples 
of translational regulation via cytoplasmic poly(A) addition 
or removal come from studies of developmentally regu- 
lated mRNAs. During both oogenesis and embryogenesis, 
the translational activity of specific mRNAs is regulated 
by poly(A) length, and sequences in the 3'UTR have been 
shown to control polyadenylation (Figure 1). 
The ability to reintroduce exogenous mRNAs into oo- 
cytes from mouse, Xenopus, and Drosophila has allowed 
investigators to test directly what role poly(A) tail length 
plays in regulating translation. For the plasminogen activa- 
tor mRNA in mouse and for a luciferase reporter mRNA in 
Xenopus, the inclusion of a long poly(A) tail on an injected 
mRNA activates its translation (Vassalli et al., 1989; 
Sheets et al., 1994). In Drosophila, the poly(A) tails of three 
mRNAs that play critical roles in establishing the embry- 
onic axes, bicoid (bcd), Toll, and torso, are lengthened 
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when they become translationally active at egg activation. 
Injection of synthetic bcd mRNAs demonstrated that a 
long poly(A) tail activates translation whereas a short tail 
does not (Sall6s et al., 1994). The synthetic bcd mRNA 
used in these experiments lacked the 3'UTR sequences 
required for polyadenylation in vivo, demonstrating that 
the long poly(A) tail itself activates translation. 
The temporal control of mRNA polyadenylation (and 
hence translation) is finely tuned, reflecting the careful 
choreography required to produce a matu re oocyte or em- 
bryo. For example, in both frog and mouse oocytes, the 
proto-oncogene c-mos is required for meiotic maturation, 
and the onset of c-mos mRNA translation is regulated by 
cytoplasmic polyadenylation (Sheets et al., 1994, 1995; 
Gebauer et al., 1994). Oocyte mRNAs have been identified 
that become potyadenylated during oogenesis but de- 
adenylated at oocyte maturation (Varnum and Worming- 
ton, 1990; Fox and Wickens, 1990), polyadenylated stably 
at maturation (Paris et al., 1991 ; Fox and Wickens, 1990; 
McGrew et al., 1989; Sheets et al., 1994), polyadenylated 
at maturation but deadenylated at fertilization (Legagneux 
et al., 1992; Stebbins-Boaz and Richter, 1994; Sheets et al., 
1994), and polyadenylated uring early embryogenesis 
(Simon et al., 1992; Simon and Richter, 1994). In each 
case tested, the poly(A) status correlates with translational 
activity, suggesting that the corresponding ene products 
are required at different developmental stages. 
Specific sequences in the 3'UTR direct these different 
programs of polyadenylation (Figure 1). In both mature 
Xenopus oocytes and embryos, cytoplasmic polyadenyla- 
tion requires two sequence elements: a U-rich cytoplasmic 
polyadenylation element (CPE) and the nuclear polyade- 
nylation sequence AAUAAA (Wormington, 1993). The 
CPE of the mouse tissue-type plasminogen activator 
mRNA acts not only to direct polyadenylation in mature 
oocytes, but also to signal deadenylation in primary oo- 
cytes (Huarte et al., 1992). Furthermore, the precise spac- 
ing of a CPE relative to the AAUAAA sequence can control 
the timing of maximal polyadenylation (Simon et al., 1992). 
In the absence of specific 3'UTR sequences that promote 
cytoplasmic polyadenylation, mRNAs are deadenylated 
and translationally repressed during Xenopus oocyte mat- 
uration (Fox and Wickens, 1990; Varnum and Worming- 
ton, 1990). Later, after fertilization, specific sequences are 
needed for deadenylation and translational repression of 
mRNAs (Bouvet et al., 1994; Stebbins-Boaz and Richter, 
1994). 
Trans.Acting Factors 
Proteins required for the initial polyadenylation of mRNA 
in the nucleus may also be involved in the regulation of 
poly(A) tail length in the cytoplasm. Wickens and col- 
leagues have shown that nuclear polyadenylation factors 
recognize CPEs, and they propose that the nuclear cleav- 
age and polyadenylation specificity factor binds the CPE in 
the cytoplasm (Bilger et al., 1994). A Xenopus cytoplasmic 
poly(A) polymerase closely related to the nuclear enzyme 
has recently been identified (Ballantyne et al., 1995; Geb- 
auer and Richter, 1995). Interactions between the RNA 
and these components of the core polyadenylation ma- 
chinery are likely to be modulated by specific regulatory 
proteins synthesized at different times in development. 
These may recruit the polyadenylation factors to the RNA 
(Figure 1). Hake and Richter (1994) have recently purified 
and isolated cDNAs for a specific CPE-binding protein, 
CPEB, that is required for CPE-dependent polyadenyla- 
tion of the B4 m RNA in Xenopus egg extracts. Posttransla- 
tional modification of CPEB may link reactivation of the 
cell cycle at oocyte maturation with the translational activa- 
tion of specific mRNAs by cytoplasmic polyadenylation: 
CPEB is phosphorylated in vitro by p34 ~2 kinase, which 
is required for cyclin-induced polyadenylation in oocyte 
lysates. Furthermore, CPEB binds the cdk2 CPE, which 
is identical to that of B4 mRNA; cdk2 mRNA is also poly- 
adenylated at oocyte maturation (Stebbins-Boaz and Rich- 
ter, 1994). It remains to be shown whether phosphorylation 
regulates CPEB activity. Within its putative RNA-binding 
domain, CPEB is 62% homologous to the Drosophila pro- 
tein oo18 RNA-binding (orb), which is required for RNA 
localization during oogenesis (Lantz et al., 1992). Other 
stage-specific CPEBs have been identified, but their role 
in polyadenylation of specific mRNAs has not yet been 
established (Simon and Richter, 1994). 
Translational activation by cytoplasmic polyadenylation 
must be under exquisite control because inappropriate 
translation of developmental regulators can have devasta- 
ting consequences. Thus, it comes as no surprise that 
mRNAs contain not only 3'UTR sequences that promote 
polyadenylation at specific times in development but also 
sequences that block precocious translation and polyade- 
nylation. Some developmentally regulated Xenopus mRNAs 
contain "masking elements" in their 3'UTRs that prevent 
translation and polyadenylation at inappropriate stages 
(Simon et al., 1992; Simon and Richter, 1994). Experi- 
ments suggest that the repression of translation conferred 
by masking sequences can overcome the normally stimu- 
latory effect on translation of a long poly(A) tail and that the 
process of cytoplasmic polyadenylation itself is required to 
mobilize these mRNAs to ribosomes (McGrew et al., 1989; 
Simon et al., 1992). The combination of masking elements 
and cytoplasmic polyadenylation signals likely contributes 
to the tight regulation of mRNA translation. Masked 
mRNAs probably have little or no access to ribosomes, 
but when derepressed; these mRNAs not only gain access 
to ribosomes but also are efficiently translated because 
they have acquired long poly(A) tails. 
Specific Translational Control 
Specific translational regulatory sequences distinct from 
CPEs have been identified in the 3'UTRs of a growing 
number of developmentally regulated genes (Figures 1 
and 2). In general, these elements repress mRNA transla- 
tion through specific trans-acting factors. Direct biochemi- 
cal evidence for factors that bind the translational regula- 
tory sequences of the target RNA and are able to confer 
translational regulation in vitro has so far been provided 
only for the 15-1ipoxygenase gene (Lox) (Ostareck-Lederer 
et al., 1994). Lox protein is required for the breakdown of 
internal membranes in mature reticulocytes. Lox RNA is 
synthesized in bone marrow, but translation of the RNA 
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Figure 2. Models for 3'UTR-Mediated Translational Regulation 
(A) Localization-mediated derepression. The Drosophila nos mRNA, 
represented by the wavy line, is bound by ubiquitous repressor p otein, 
depicted by an open circle, at its 3'UTR and is not translated when 
unlocalized. Localization of nos mRNA (closed boxes), directed by 
osk, relieves repression at the posterior pole and produces the nos 
protein gradient (blue). In osk mutants, no nos mRNA is localized 
or translated. The arrowheads represent translational initiation, and 
arrowheads with an X indicate blocked translation. 
(B) Spatial repression, hb mRNA is normally found throughout he 
cytoplasm; ubiquitous pure proteins (large open circles) and 55 kDa 
proteins (small open circles) bind to the NREs in the hb 3'UTR. This 
binding is not sufficient o repress hb translation. Nos protein (closed 
elipse) interacts with the pum-55 kDa-hb complex to mediate repres- 
sion at the posterior. The resulting hb protein gradient is shown in 
pink; the nos protein gradient is blue. 
(C) Temporal repression. C. elegans ~in-14 mRNA is expressed and 
translated (purple) in numerous cell types in the first larval stage (L1). 
lin-4 small RNAs are expressed in many of the same cell types begin- 
ning at late LI. The ~in-4 RNAs likely pair with complementary sites 
in the lin-14 3'UTR, leading to translational repression of lin-14 mRNA 
in larval stage 3 (L3). 
is repressed until reticulocytes reach the blood. The 3'UTR 
of Lox contains 10 tandem repeats of a pyrimidine-rich 
motif (R sequence); a 48 kDa protein binds specifically to 
these repeats. In a reticulocyte lysate translation assay, 
the purified protein is necessary and Sufficient for transla- 
tional repression of a heterologous mRNA containing the 
R sequences. 
Several translationally regulated genes have been iden- 
tified in Drosophila and Caenorhabditis elegans. Transla- 
tional regulation of these mRNAs is required to establish 
the spatial distribution of proteins in the egg or to trigger 
changes in cell fate. Although the biochemical mecha- 
nisms of the regulation are not yet understood, both cis- 
acting sequences and trans-acting factors have been iden- 
tified by genetic experiments. 
Localized mRNAs 
nanos (nos) activity is required for the formation of abdomi- 
nal segments in the fly embryo (see below). Although nos 
mRNA is localized to the posterior pole during oogenesis, 
a significant amount ofnos mRNA remains uniformly dis- 
tributed throughout the embryo. During early develop- 
ment, nos protein is translated from the localized but not 
from the unlocalized mRNA (Gavis and Lehmann, 1994). 
Cis-acting sequences required for both nos mRNA local- 
ization and translational repression are located in the nos 
3'UTR (Gavis and Lehmann, 1992). Correct spatial regula- 
tion of no8 mRNA through these 3'UTR sequences is criti- 
cal for normal pattern formation. For example, when the 
3'UTR of nos is exchanged with the tubulin 3'UTR, nos-  
tub 3'UTR mRNA is distributed throughout the embryo 
and is translated uniformly. Females that deposit such an 
unregulated mRNA into he oocyte produce embryos that 
form posterior pattern elements at more anterior positions 
in the embryo. In the most extreme cases, such embryos 
develop two complete posterior abdomens in mirror image 
(Gavis and Lehmann, 1994). To explain how n s transla- 
tion is regulated, it has been proposed that a uniformly 
distributed repressor inhibits translation of the unlocalized 
nos RNA. Localization of the mRNA at the posterior pole 
relieves this inhibition either by sequestering the mRNA 
in a cytoplasmic compartment that lacks repressor or by 
inhibiting repressor binding (Figure 2A) (Gavis and Leh- 
mann, 1994). Indeed, polyribosomes have been shown to 
be tightly associated with the cytoskeleton in sea urchin 
embryos and mamalian cells (Cervera et al., 1981; Hamill 
et al., 1994). This suggests that tethering of RNAs such 
as nos to microtubules may mediate not only localization 
but also translation (reviewed by St Johnston, 1995 [this 
issue of Cell]). In addition to mRNA localization-mediated 
translational regulation, general developmental clues 
such as egg activation or fertilization dictate the onset of 
nos translation (Gavis and Lehmann, 1994). 
Although repressors of nos mRNA translation have not 
yet been identified biochemically, several genes, espe- 
cially the oskar (osk) and vasa (vas) genes, are required 
for nos mRNA localization and translation. In the absence 
of either osk or vas gene functions, nos mRNA is neither 
localized nor translated. Both osk and vas proteins are 
localized to the posterior pole. The levels of osk protein 
at the posterior pole determine how much nos mRNA and 
vas protein are localized to the posterior pole and how 
much nos protein issynthesized (Ephrussi and Lehmann, 
1992); Smith et al., 1992; Gavis and Lehmann, 1994). Al- 
though the protein sequence of osk does not provide any 
insight into its biochemical function, vas shows homology 
to elF-4A (Lasko and Ashburner, 1988; Hay et al., 1988) 
and has in vitro RNA helicase activity (Liang et al., 1994). 
It is therefore conceivable that either localization or trans- 
lational activation requires the unwinding of structures in 
nos mRNA. osk function and location within the embryo 
determines not nly where nos mRNA is concentrated and 
translated but also where germ cells form (Ephrussi and 
Lehmann, 1992). Thus, translational regulation by osk- 
dependent localization may not be restricted to nos. 
Osk protein synthesis i itself controlled by mRNA local- 
ization and translation. I  contrast with nos, which is trans- 
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lationally regulated in the early embryo, regulation of osk 
occurs during oogenesis, osk mRNA is synthesized and 
transported into the oocyte during the early stages of oo- 
genesis and becomes localized to the posterior pole during 
midoogenesis. Osk protein is synthesized upon oskmRNA 
localization (Kim-Ha et al., 1995). osk mRNA localization 
and translation are mediated through sequences in the 
osk 3'UTR, suggesting that, like nos, osk translation and 
mRNA localization are coordinately regulated. A repeated 
sequence motif in the 3'UTR of osk mRNA specifically 
interacts in vitro with an 80 kDa protein termed bruno. 
Point mutations in the consensus sequence of two repeats 
(the bruno response elements) lead to activation of osk 
throughout he oocyte without affecting osk mRNA local- 
ization (Kim-Ha et al., 1995). The RNA-binding protein 
bruno may thus be involved in translational repression of 
unlocalized osk mRNA. Mutant alleles of bruno remain 
to be isolated. Unregulated activity of osk that contains 
mutant bruno response elements requires the activity of 
staufen (stau), a double-stranded RNA-binding protein 
needed for osk mRNA localization (St Johnston et al., 
1992; Kim-Ha et al., 1995; reviewed by St Johnston, 1995). 
This may imply an active role for stau not only in the local- 
ization, but also in the translation of osk mRNA. 
In summary, both nos and osk mRNAs are localized 
within the egg, and the localized mRNA is translated, 
whereas translation of unlocalized mRNA is actively re- 
pressed. This link between translation and localization re- 
stricts the protein products of these genes to a particular 
region within the cell. Both nos and osk mRNAs have rela- 
tively short poly(A) tails whose length is not significantly 
changed during development, suggesting that their trans- 
lational regulation is not poly(A) mediated (Sail,s et al., 
1994). Translation of other localized mRNAs, e.g., bcd, is 
not linked to localization because several mutations that 
affect bcd mRNA localization do not interfere with bcd 
translation (Driever and Nesslein-Volhard, 1988). Transla- 
tion of bcd mRNA may be primarily controlled by cyto- 
plasmic polyadenylation at the onset of embryonic devel- 
opment (Salles et al., 1994). 
Protein Gradients 
During embryogenesis nos protein represses translation 
of the maternal hunchback (hb) mRNA, which encodes a 
transcriptional repressor of abdomen-specific genes. Ma- 
ternal hb protein is produced in a gradient complementary 
to that of nos protein. Nos acts in conjunction with the 
pumi/io (pure) gene, whose product is distributed through- 
out the embryo (Macdonald, 1992). Two conserved bipar- 
tite sequence motifs, the nos response elements (NREs), 
in the hb 3'UTR are necessary and sufficient for nos- 
mediated translational regulation (Wharton and Struhl, 
1991). Mutations in the nos and pum genes have the same 
phenotype as a deletion of the hb NRE sequences, sug- 
gesting that nos and pure are directly involved in the regu- 
lation of hb mRNA translation (Barker et al., 1992). Recent 
experiments by Murata and Wharton (1995) have shown 
that pum protein, as well as a second protein of 55 kDa, 
binds specifically to the NRE sequences. Point mutations 
in the NRE sequences affect the binding of the two factors 
in vitro and affect hb translational regulation in vivo. The 
binding of pum and the 55 kDa factor to hb mRNA does 
not require nos function in vitro. It is therefore possible 
that both factors are bound to hb mRNA independent of 
its translational status and that binding of these factors 
to hb mRNA may not be sufficient o prevent translation. 
Murata and Wharton (1995) have suggested that pum and 
the 55 kDa protein provide a "landing pad" for nos and 
possibly other proteins required for region-specific transla- 
tional regulation (Figure 2B). The putative nos-pum-55 
kDa complex may then interact with the general transla- 
tional machinery either directly or via polyadenylation. 
A gradient of nos protein emanating from the posterior 
end of the embryo establishes a complementary gradient 
of hb protein (Wang et al., 1994; Wharton and Struhl, 
1991). The relative concentration of nos protein deter- 
mines the number of hb molecules that are translationally 
repressed at a given position along the anterior-posterior 
axis. hb mRNA with a single NRE is less affected by trans- 
lational regulation than hb mRNA with two NRE repeats. 
This aspect of translational regulation may be similar to 
the additive and cooperative effects observed in the regu- 
lation of transcription. 
Translational regulation of hb provides a model system 
to study how protein gradients can be generated from a 
uniformly distributed mRNA source. The mechanism by 
which hb, nos, and pum act may not be specific to Dro- 
sophila. While pum does not contain any of the known 
RNA-binding motifs, it does have eight sequence repeats 
at its C-terminus, which are found in proteins from hu- 
mans, C. elegans, rice, Arabidopsis, and yeast. The func- 
tion of these repeats is not known, nos homologs have 
been identified in other insects, and the sequence of the 
nos C-terminus is well conserved (Curtis et al., 1995). Se- 
quence similarityto this region is also found in the Xenopus 
Xcat-2 gene, which encodes an mRNA localized to the 
vegetal pole of the Xenopus oocyte (Mosquera et al., 1993; 
reviewed by St Johnston, 1995). Nos and Xcat-2 contain 
a series of cysteine and histidine residues that are likely 
to comprise a novel zinc-binding domain. This C-terminal 
region has been shown to be critical for nos function, al- 
though its specific role in hb translation has not been es- 
tablished (Curtis et al., 1995). 
A sequence motif similar to the hb NRE is present in 
the 3'UTR of the C. elegans glp-1 gene. A 61 nt region 
containing this motif is necessary for spatial regulation of 
glp-1 translation (Evans et al., 1994). The parallels seen 
in the translational regulation of hb and glp-1 are striking. 
glp-1 mRNA is distributed uniformly throughout he early 
C. elegans embryo. After the first embryonic ell divisions, 
GLP-1 protein is translated in anterior but not in posterior 
cells. As is the case for hb, glp-1 translational repression 
may be regulated through its 3'UTR by a repressor com- 
plex, components of which are located at the posterior 
end of the embryo. 
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Cell-Type Switches 
The C. elegans hermaphrodite produces sperm and eggs. 
Germ cell development undergoes a temporal switch from 
early sperm production to egg production. At least two 
genes, tra-2 and fern-3, that are required for this develop- 
mental decision are regulated on the translational level. 
fern-3 and tra-2 show approximately reciprocal germline 
phenotypes: tra-2 promotes egg formation, while fern-3 is 
required for sperm production. Early during oogenesis, 
tra-2 is off to allow sperm development, while, later in de- 
velopment, fern-3 has to be off to allow egg development 
(Hodgkin, 1987). 
Mutations in the 3'UTRs of fern-3 and tra-2 mRNA cause 
constitutive unregulated expression of FEM-3 and TRA-2 
proteins. These gain-of-function (gof) mutations define po- 
tential regulatory sites in the mRNA that mediate posttran- 
scriptional control. The tra-2 3'UTR contains two direct 
repeats that are necessary for translational regulation and 
that are sufficient o confer regulation on a reporter RNA 
(Goodwin et al., 1993). As with the hb NREs, deletion of 
one of the direct repeats leads to a weak tra-2 g°r phenotype 
while deletion of both repeats leads to a strong phenotype 
and complete loss of sperm production. Consistent with 
the idea that tra-2 g°r mutations increase translational activ- 
ity, tra-2 g°f RNA is associated with larger polysomes than 
wild-type RNA. A protein that specifically binds to the tra-2 
direct repeats has been identified and may mediate trans- 
lational repression (Goodwin et al., 1993). 
fern-3 g°t mutants have the opposite phenotype of tra-2 g°r 
mutants and produce only sperm. The fern-3 ~°r mutations 
map to a single region of 6 nt, suggesting that this single 
motif plays an important role in fem-3 translational regula- 
tion (Ahringer and Kimble, 1991). Expression in wild-type 
hermaphrodites of RNA fragments containing this binding 
site causes a phenotype similar to that of the fem-3 g°r mu- 
tants, probably because the RNA titrates a trans-acting 
repressor. Although regulators of tra-2 and fern-3 have 
not been genetically identified, it has been proposed that 
repressor molecules bind specifically to the 3'UTR of tra-2 
and fern-3 mRNA sequences. As is true for other mater- 
nally expressed genes, fern-3 translational ctivity is corre- 
lated with the length of the poly(A) tail. One possible mech- 
anism is that fem-3-specific repressors may prevent 
interaction of fern-3 mRNA with the polyadenylation ma- 
chinery and thereby block translation. 
Regulation by Complementary RNA 
Interaction of the lin-14 and lin-4 genes displays a novel 
mechanism of translational regulation by 3'UTR se- 
quences, lin-14 and lin-4 regulate the timing of develop- 
mental events in C. elegans (Ambros, 1989). Lack of lin-14 
function leads to precocious larval development, causing 
cells to express fates normally expressed only at later lar- 
val stages. Gain-of-function mutations in lin-14 cause con- 
stitutive translation of lin-14 mRNA and have a "retarded" 
phenotype: cell fates of an early developmental stage are 
reiterated at later stages (Ambros, 1989). The 3'UTR of 
lin-14 contains seven copies of a sequence repeat that 
are partially or completely deleted in lin-14 gain-of-function 
mutations (Wightman et al., 1993). lin-4 is a likely candi- 
date for a negative translational regulator of lin-14 because 
its lack-of-function phenotype is identical to that of lin-14 g°r 
mutants (Ambros, 1989). Surprisingly, lin-4 does not en- 
code a protein but rather produces two small RNA tran- 
scripts that contain a single sequence motif with partial 
complementarity o each of the seven lin-14 repeats (Lee 
et al., 1993). Translational regulation of LIN-14 may be 
modulated by the binding of the lin-4 RNA to the lin-14 
mRNA. The resulting RNA-mRNA complex may by itself 
cause the mRNA to be untranslatable. Alternatively, pair- 
ing between each motif of lin-14 and a lin-4 RNA molecule 
may expose a 5 nt single-stranded loop in the lin-4 RNA. 
The nucleotide sequence within this loop is conserved ex- 
actly among different nematode species (Ambros and 
Moss, 1994), suggesting that a repressor protein binds 
these sequences and blocks translation through mecha- 
nisms similar to those discussed above (Figure 2C). 
Conclusions 
No matter how baroque an individual case of translational 
regulation seems, ultimately translational regulators act 
on the basic translational apparatus. For most examples 
of mRNAs that are translationally regulated during devel- 
opment, we do not yet know how translation is controlled. 
Does a particular sequence in the 3'UTR slow the rate of 
translational initiation, promote mRNP assembly, or re- 
press cytoplasmic polyadenylation? Does localization 
bring the mRNA to a cytoplasmic ompartment rich in ribo- 
somes or liberate it from repression? Do specific proteins 
alter mRNA secondary structure to activate translation? 
These are questions that future experiments will surely 
answer. 
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